discrepancy could not be explained by an alteration of ACTH levels during the study, since plasma cortisol showed no change over the fiveday period. Similarly, the rise in plasma potassium over this time was not greater than 0-2 mEq/l in any experiment. Although there was a mean fall of plasma sodium of 4 mEq/l during the five-day period of Na+ depletion, it seemed unlikely that this would result in any substantial aldosteronestimulating effect.
Neither did a comparison of the aldosteronestimulating effect of infused angiotensin II (0 5 ,ug/min) in the Na+ deficient and Na+ replete states lend support to the possibility that an increased sensitivity to circulating angiotensin II during Na+ deficiency could account for the observed discrepancy.
These results suggest that, in man, some additional factor is involved in the hypersecretion of aldosterone which is induced by Na+ deficiency.
In a complementary study, aldosterone levels were investigated in 3 nephrectomized subjects after Na+ depletion induced by peritoneal dialysis. The absence of any substantial plasma aldosterone response (<2 ng/100 ml) to the removal of 170-330 mEq Na+ in these subjects seemed to highlight the kidney as an important organ in aldosterone control in man. However, although the cortisol response to infused ACTH was normal in these subjects, the aldosteronestimulating effect of both ACTH and intravenous angiotensin 11(0 5 pg/min) were greatly depressed.
Further work is therefore needed to elucidate the precise role of the kidney in the mechanism of aldosterone control in man.
(Endocrinology Branch, National Heart Institute, Bethesda, Maryland, USA)
Studies on the Loci of Action of Stimuli to the Biogenesis of Aldosterone
The control of plasma aldosterone concentration may be considered (Fig 1) as the integrated sum of the rates of formation of aldosterone from precursors on the one hand, and of its reduction or conjugation and excretion on the other. The present studies concern the stimuli to the formation of aldosterone from cholesterol. The effects of ACTH, of angiotensin and of sodium depletion are reviewed. A site of action for potassium is reported for the first time. The biogenetic pathways in the adrenal zona glomerulosa (Table 1) were explored by the measurement of aldosterone secretion by (1) dogs bearing adrenal venous cannulk, and (2) outer slices of bovine or canine adrenal cortex (30-50 % zona glomerulosa). The slices were studied with and without 'saturating' doses of a steroid precursor, and with and without 3H-labelled tracers. All analysis was done by a double-isotopederivative dilution analysis.
The effect of ACTH at an early site (e.g. cholesterol-to-A5 pregnenolone) was shown by (1) effectiveness in vitro of precursors beyond A5-pregnenolone to stimulate aldosterone production without ACTH, and (2) effectiveness of cholesterol to stimulate aldosterone production with but not without ACTH (Kaplan & Bartter 1962) . Addition of 'saturating' quantitites of precursors beyond the rate-limiting step together with ACTH was not as effective as precursors alone (Fig 2) . The action of ACTH at this site in biogenesis of steroids has recently been reviewed (Tchen 1968 ). Similar studies showed an action of angiotensin II on aldosterone secretion at the same, or a closely related step (Fig 3) (Kaplan & Bartter 1962 , Kaplan 1965 . In all studies angiotensin increased cortisol production as well.
Thus, ACTH consistently stimulates production of aldosterone by cells of the zona glomerulosa (which lack 17-hydroxylase): this effect is of course quantitatively less than its effect in producing cortisol by cells of the zona fasciculata. Similarly, angiotensin consistently stimulates production of cortisol by cells of zona fasciculata (which lack 18-ol dehydrogenase for 18-OH corticosterone) and this effect is quantitatively as great as its effect in producing aldosterone by cells of the zona glomerulosa (Kaplan & Bartter 1962 , Kaplan 1965 , Slater et al. 1963 . In view of the closely allied biogenetic origins of the two types of cells and their enzymatic components, it is not surprising that both polypeptide hormones thus have dual effects.
The effect of sodium depletion was first studied in vivo in conscious, hypophysectomized dogs bearing adrenal cannule. As compared to sodiumloaded dogs, sodium-deprived dogs secreted significantly more aldosterone, corticosterone and cortisol (P <0 01 for all three) (Davis et al. 1968 ). This effect could be attributed in part to (1) stimulation of production of renin and thus angiotensin by sodium depletion, and (2) the effects of angiotensin on the zona glomerulosa and the zona fasciculata as described above. In vitro studies with the adrenals of the same animals revealed an additional and separate effect of sodium depletion: it greatly enhanced the conversion of corticosterone to aldosterone (Fig 4) . This was shown: (1) With 3H-labelled corticosterone (which was converted to aldosterone much more readily -P <0 00 for the differenceby the slices from the sodium-depleted animals). (2) By absolute production rates (corticosterone production into medium was less -P <0-02 -while aldosterone production was greater -P <0 001with the slices from sodium-depleted animals).
(3) By incubation with 'saturating' quantities of precursors up to and including corticosterone in the biogenetic pathway (all produced significantly more aldosterone with the slices from sodiumdepleted animals) (Davis et al. 1968 ). Facilitation of the conversion of corticosterone to aldosterone by sodium depletion in vivo has been reported for the rat (Cade & Perenich 1965) and for isolated adrenal mitochondria from the rat (Marusic & Mulrow 1967) . The effect of dietary potassium on aldosterone secretion is well established (Luetscher & Curtis 1955 , Gann et al. 1964 , Davis et al. 1963 : it has been found that the feeding or infusion of potassium increases aldosterone secretion and that potassium depletion decreases it (Gann et al. 1964 ). In the present studies, the in vitro effect of potassium (Muller 1965 ) was explored. With outer slices of canine adrenal cortex it was found that production of aldosterone was significantly and progressively higher as the concentration of potassium in the media was increased from 4 to 10 mEq/l ( Fig 5) . These studies showed increased secretion of corticosterone and of cortisol as well.
The site of action of potassium was explored by the methods already discussed. The corticosterone-to-aldosterone steps, discussed above as a site of action of sodium depletion, did not appear to be a locus of action of potassium. Thus, more 3H corticosterone was not incorporated into aldosterone in high-potassium media as compared to those with physiological concentrations of potassium, and 'saturating' concentrations of corticosterone did not produce more aldosterone in the high-potassium media. However, with the 'earlier' precursor, progesterone, the high-potassium media induced significantly more conversion to aldosterone. This was shown both with labelled progesterone (where more labelled aldosterone was produced in highpotassium media: Po<001) and with 'saturating' doses of progesterone without tracer (where more aldosterone was produced with the high-potassium media: P <0 025).
The effect of potassium on conversion of progesterone to desoxycorticosterone was explored by the same techniques. The amount of 3Hlabelled desoxycorticosterone released by slices upon incubation with 3H-labelled progesterone was not influenced by potassium in the medium. The same was true for desoxycorticosterone released upon incubation with 'saturating' doses of progesterone. Accordingly, all of the desoxycorticosterone produced as a result of potassium stimulation must have remained in the tissues, presumably subject to further hydroxylation to corticosterone and 18-OH corticosterone.
The effect of potassium on the conversion of desoxycorticosterone to corticosterone was explored by the same techniques. It was found that significantly more 3H-labelled desoxycorticosterone was converted to corticosterone (P < 0 025) in the high-potassium media than in those with physiological concentrations of potassium. When 'saturating' doses of desoxycorticosterone were added to the media, significantly more corticosterone was produced by slices incubated in high (8-0 mEq/l) than in low (4 0 mEq/l) concentrations ofpotassium (Fig 6) .
These results indicate that an important site of stimulation of steroidogenesis by potassium is the 11-,-hydroxylation step by which desoxycorticosterone is converted to corticosterone. In all slices, an appreciable amount of zona fasciculata tissue was included, and some cortisol was produced. With the high-potassium media, where aldosterone production was stimulated, production of cortisol was stimulated as well (P<0 005 for the difference). The results thus suggest that this step, like the cholesterol-to-pregnenolone step discussed above, is activated in both the zona glomerulosa (where the end-product is mass of steroid produced. Right: counts of precursor incorporated 0 0 0 aldosterone) and in the zona fasciculata (where the end-product is cortisol). In summary, aldosterone secretion is stimulated by ACTH and by angiotensin-II early in biogenesis, probably at the site of conversion of cholesterol to A5-pregnenolone by mitochondria. Both stimuli act both in zona glomerulosa and in zona fasciculata. Sodium depletion acts both by stimulation of production of renin, and thus angiotensin II, and by facilitating a rate-limiting step in the conversion of corticosterone to aldosterone (1 8-hydroxylase or 1 8-ol dehydrogenase) by mitochondria. Potassium acts in part by facilitating the conversion of desoxycorticosterone to corticosterone (1 1-hydroxylase) by mitochondria. This effect probably also acts in both zona glomerulosa and zona fasciculata. (Bachman & Youmans 1953 , Bartter et al. 1959 , Shear 1963 , Slaton & Biglieri 1967 .
Aldosterone production and urinary excretion of sodium and potassium were studied in 4 patients; 3 had postural hypotension and autonomic insufficiency of unknown etiology. In the fourth, a man with diabetes and retinopathy, postural hypotension had followed the induction of hypopituitarism. This latter patient resembled those reported previously by Mills et al. (1963) .
The patients were maintained on a sodium intake of 10 mEq in their diet and this was supplemented with sodium chloride. In 3 patients in whom the difference between day and night ex- cretion of water and electrolytes was studied, it was found that the nocturnal excretion was abnormally high.
In the 3 patients with idiopathic postural hypotension the aldosterone production rate was at the lowest level of normal when they were on a sodium intake of 95 mEq/day (see Table 1 ). In 2 of them there was little or no change during ACTH administration (20 units of gel twice daily intramuscularly). In the third the ACTH was given while on a low sodium intake and the response was very great, from 117 to 340 ,ug/day, but not more than normal.
The man with diabetes and hypopituitarism had an extremely low aldosterone production rate (26 ,ug/day) and this was raised almost to the lower limit of normal by ACTH in a dose of only 5 units twice daily. In all 4 patients there was a normal rise of urinary 17 oxogenic steroids for the dose of ACTH given.
Two patients when deprived of their supplemental sodium were able to conserve sodium while kept in bed.
In 3 patients the effect of elevating the head of the bed by 16-18 in (40-45 cm) was studied. Sodium and potassium retention was induced in all 3, although 2 patients were on no sodiumretaining steroids at the time.
In 2 patients fludrocortisone was administered. In one the dose was 0-5 mg twice daily and the bed was kept horizontal. There was immediate loss of potassium in the urine and the development of hypokalemic alkalosis. Sufficient sodium retention occurred to allow measurement of the blood pressure in the erect position without loss of consciousness. In the second patient the dose of fludrocortisone was 01 mg twice daily and the head of the bed was elevated by 18 in (45 cm) (14 degrees of tilt). Sodium retention occurred with negligible potassium loss and no hypokalemia developed.
In one patient a blood transfusion of four pints (1O9 litres) was given over two days. A sodium diuresis of 300 mEq/day was produced, while the patients were on an oral intake of 95 mEq daily. During the transfusion the blood pressure rose by 20-30 mmHg. Infusions of noradrenaline or angiotensin in 2 patients to produce a comparable rise in blood pressure caused a much smaller sodium diuresis although aldosterone production was increased in both cases by the angiotensin and in one with noradrenaline.
